associated with the brown-midrib phenotype average ≈20% for grain, 10 to 17% for stover, and 16% for Brown-midrib genes increase digestibility due to reduced lignificafodder (Miller et al., 1983; Lee and Brewbaker, 1984 ization (Kalton, 1988).
B
rown-midrib mutations, when present in the homozygous recessive state, result in reduced lignifica-MATERIALS AND METHODS tion, reduced cell-wall concentration, increased digestibility, and increased voluntary intake of feed by
The germplasm for this study consists of two cultivars with ruminants. These single-locus mutations represent the normal leaf-blade phenotype, Piper and Greenleaf, and their single most rapid and effective mechanism of genetically brown-midrib counterparts. Piper-bmr and Greenleaf-bmr were created by three generations of backcrossing the bmr-6 modifying nutritional value of forage crops. As singleallele from grain sorghum into Piper and Greenleaf (Fritz et locus recessive mutations, they can be backcrossed al., 1981; J.D. Axtell, 1994, personal communication). readily into elite lines. Lignin concentration of brownFour additional brown-midrib lines were generated from midrib lines has been reduced by 5 to 50%; a 10 g the pedigree selection and backcrossing program of the late kg Ϫ1 decrease in lignin generally resulted in a 40 g kg Ϫ1 Dr. R.R. Kalton working in collaboration with Forage Genetincrease in digestibility (Cherney et al., 1991) . As a ics, Inc., and Cal/West Seeds, Inc. These four lines derived result, voluntary intake and animal performance may from 684 lines that had been selected for vigor, disease resisincrease by up to 30% (Cherney et al., 1991) .
tance, and regrowth potential near Ames, IA, between 1965 Despite these advantages, and the discovery of the Greenleaf-bmr, and the best four lines from the Iowa/Wisconof Agronomy, Univ. of Wisconsin-Madison, Madison, WI 53706-1597;  sin selection program (hereafter called FG lines) were germi-nated in the greenhouse. Two hundred seedlings of each line lection, and sample collection for this experiment were identical to that of the experiments described above. were transplanted into isolated crossing blocks at Arlington, WI, in May 1996. Each block was isolated by a minimum distance of 200 m from other sorghum or sudangrass. Plant Laboratory, Statistical, and Economic Analyses spacing was 0.9 m for each block. Crossing blocks were sprayed Plant samples were ground through a 1-mm screen in a with 2.8 kg a.i. ha Ϫ1 alachlor [2-chloro-N-(2,6-diethylphenyl)-Wiley-type mill and scanned on a near-infrared reflectance N-(methoxymethyl)-acetamide] and 0.07 kg ha Ϫ1 imazethapyr spectrophotometer. A calibration subset of 36 samples was {( Ϯ )-2-[4,5-dihydro-4-methyl-4-(1-methylethyl)-5-oxo-1H-analyzed in duplicate for neutral detergent fiber (NDF), acid imidazol-2-yl]-5-ethyl-3-pyridinecarboxylic acid} for preemerdetergent fiber (ADF), and acid detergent lignin (ADL) using gence weed control immediately before transplanting. Crossthe procedures of Van Soest et al. (1991) with the exceptions ing blocks were fertilized with 100 kg N ha Ϫ1 immediately that sodium sulfite and ␣-amylase were excluded. In vitro after transplanting. Seed was harvested from each plant in digestibility of the NDF fraction (NDFD) was determined September 1996, threshed, cleaned, and bulked in equal quanin triplicate (Casler, 1987; National Research Council, 2001 , R 2 ϭ 0.82 for ADL; Two 100-seed samples of Piper, Greenleaf, Piper-bmr, and Greenleaf-bmr were tested for germination using AOSA proand SEC ϭ 22.2 g kg Ϫ1 , R 2 ϭ 0.83 for NDFD. Undersander et al. (1993) developed a method for estimatcedures (AOSA, 1998). These four lines were planted in a double Latin square design (eight replicates total) at both ing milk production per unit of forage DM as a means of combining yield and quality into a single term for comparison Arlington, WI, and Ithaca, NE. Experiments were planted on 1 June at Arlington and 19 June at Ithaca. The soil types were of treatments involving changes in both factors. For this paper, the milk production index was modified so that energy content Plano silt loam (fine-silty, mixed, superactive, mesic Typic Argiudolls) for Arlington and Sharpsburg silt loam (fine, of the forage was estimated by in vitro digestible DM rather than acid detergent fiber concentration while DM intake posmectitic, mesic Typic Argiudolls) for Ithaca. Plot size was 1.7 ϫ 3.0 m (10 drilled rows) at Arlington and 1.2 ϫ 3.0 m tential of the forage was predicted from neutral detergent fiber concentration, as described by Undersander et al. (1993) . (seven drilled rows) at Ithaca. There were 0.9-m alleys between each tier of plots. All alleys and borders were seeded to a This spreadsheet (MILK95) is available at www.uwex.edu/ ces/forage. bulk mixture of sudangrass seed. The seeding rate was 323 pure live seeds per meter (≈33.6 kg ha Ϫ1 ). Plots were fertilized
The MILK95 spreadsheet computes the energy intake from forage for a 600-kg milking cow consuming a diet with NDF with 100 kg N ha Ϫ1 immediately after seeding. After planting, concentration at 1.15% body weight. The cow's maintenance remnant seeds were stored at Ϫ3ЊC. energy requirement, proportioned according to the percentage When most plots had reached the heads-emerged growth of forage in the diet, is then subtracted from energy intake stage, a 0.9-by 3.0-m swath was harvested from the center of to provide an estimate of the energy available from forage for each plot and weighed. First harvest occurred during the first conversion to milk (NRC, 1989) . Forage DM yield multiplied week of August at Arlington and the third week of August times the milk produced per unit of forage DM combines at Ithaca. Samples of ≈500 to 700 g were taken for dry matter forage yield and quality into a single variable, providing an (DM) determination after drying at 60ЊC. Stand percentage estimate of the milk produced per unit land area. For purposes was visually rated immediately after the first harvest, based of calculating economic return, fixed and variable costs associon the percentage of linear rows that contained live tillers.
ated with establishment and production of sudangrass were Immediately after first harvest at Arlington, the number of assumed to be $765 ha Ϫ1 and were charged exclusively to the tillers was counted on two random 1-m linear sections of row first harvest. A harvest cost of $123 ha Ϫ1 was charged for for each plot. Maximum plant height of each plot was meaeach harvest. sured immediately before each harvest. A second harvest was All variables were analyzed by analysis of variance, assummade after the first killing frost in autumn, using the same ing replicates and years to be random effects and all other protocols as for the first harvest. Second harvest occurred effects to be fixed. All analyses were computed separately for during the last week of September at Arlington and Ithaca.
first and second harvests. The initial analysis included the Seeds of Piper, Greenleaf, Piper-bmr, and Greenleaf-bmr following factors: locations, years, lines, and rows and columns were tested for germination a second time in winter 1997-(for the Latin squares) or blocks (for the randomized complete 1998 as described above. Seeding rates were recomputed on blocks). If line ϫ environment interactions were significant, a pure live seed basis to adjust for any losses in germination.
then the analyses were partitioned into subsets according to The experiment was repeated in 1998, using identical protocols the environmental factor (separate years or locations). Comas in 1997, except for the use of a single Latin square at each parisons of normal vs. brown-midrib lines were made using location in 1998 (four replicates) due to insufficient seed. The contrasts. planting date was 28 May 1998 for both locations. Harvest dates were similar to those in 1997.
RESULTS AND DISCUSSION

FG Brown-Midrib Lines
Differences among line means were significant for Redlan ϫ Greenleaf and 9% in Redlan ϫ Piper. Differential effects of the brown-midrib allele between this previously published results on normal vs. brown-midrib sorghum or sudangrass (Porter et al., 1978; Fritz et al., study of Greenleaf and Piper lines per se and the previous studies of their hybrids with Redlan reflect geno-1981; Hanna et al., 1981; Miller et al., 1983; Lee and Brewbaker, 1984) . typic background effects. While not extensively studied in Sorghum, genotypic background effects on the brownmidrib phenotype were observed for NDF and ADL of
Forage Nutritional Value Traits
three diverse Sorghum backgrounds (Fritz et al., 1981) . Piper-bmr and Greenleaf-bmr were higher in all meaIn particular, the sudangrass background resulted in sures of forage nutritional value than their normal coundifferential effects compared with the two grain sorterparts (Table 1) . However, this effect was consistently ghum backgrounds. greater for Piper than for Greenleaf, with the exception
The brown-midrib FG lines were generally lower in of first-harvest ADF. Across harvests, Piper-bmr and cell wall components and higher in NDFD than the Greenleaf-bmr averaged 4.3 and 2.0% lower NDF, 5.8 two normal cultivars; these differences were frequently and 3.0% lower ADF, 16.3 and 8.2% lower ADL, and significant for comparisons to normal Piper, but seldom 8.2 and 6.1% higher NDFD than their normal counsignificant for comparisons to normal Greenleaf (Table  terparts. 2). Taken together, the four FG lines averaged 3.7% Normal Greenleaf was consistently higher in forage lower NDF, 4.6% lower ADF, 5.7% lower ADF, and nutritional value than normal Piper, averaging 4.0% 7.6% higher NDFD than the two normal cultivars, eflower NDF, 4.0% lower ADF, 8.4% lower ADL, and fects that were very similar to the effects of bmr-6 on 7.3% higher NDFD (Table 1 ). The similarity of these the Piper and Greenleaf backgrounds. These four lines differences to the effects of the brown-midrib locus indiwere generated by 30 yr of crossing, backcrossing, selfcate that there is considerable genetic variation for these ing, and selection for vigor and disease resistance in forage nutritional value traits in normal sudangrass. This brown-midrib germplasm without evaluation for forage variation is likely due to quantitative trait loci (QTL) nutritional value traits. These results indicate that there with relatively minor individual effects, compared with has been no average loss in forage nutritional value as the brown-midrib locus. Linkage or epistatic interaca result of this long-term selection program, despite the tions of these QTL with bmr-6 are probably responsible lack of direct attention paid to these traits. Nevertheless, for the differential effect of the bmr-6 locus on Piper the FG lines were variable for forage nutritional value and Greenleaf. traits, with ranges averaging 2.8, 5.3, 11.7, and 5.7% of Piper, Greenleaf, and their brown-midrib counterthe mean for NDF, ADF, ADL, and NDFD, respecparts, were the subject of a series of studies, as parents tively. Thus, the potential exists for changes in forage of four sorghum ϫ sudangrass hybrids with either Renutritional value traits within the brown-midrib germdlan or Redlan-bmr sorghum as the female parent plasm pool, either as losses in forage nutritional value (Wedig et al., 1987; Fritz et al., 1988; Wedig et al., 1988) .
by ignoring these traits or increases in forage nutritional Averaged across the studies, the brown-midrib hybrids value by selecting for these traits (Casler, 2001 ). were uniformly 14% lower in ADL (as a fraction of NDF) than the normal hybrids for both Redlan ϫ Piper Ground Cover, Tiller Number, and Plant Height and Redlan ϫ Greenleaf. Conversely, the brown-midrib phenotype reduced NDF concentration by 23% in Normal Piper and Greenleaf averaged 89 to 100% ground cover and 57 to 77 tillers m Ϫ1 across years and Part of the differences in tiller number and ground † P ϭ 0.07. ‡ P ϭ 0.08.
cover between normal and brown-midrib Piper and Greenleaf was due to the limited number of backcrosses vest. Again, the FG lines behaved similarly to the Piper and Greenleaf brown-midrib lines, showing a 5.3 to used to develop the brown-midrib sudangrass lines. Grain sorghum, with a relatively low tiller number, 19.7% reduction in height compared with the two normal cultivars (Table 6 ). Because it was considerably makes up a small part of the genome of Piper-bmr and Greenleaf-bmr, probably causing part of the tiller shorter than Piper at both locations and harvests, Greenleaf was similar in height to most of the FG lines. number reduction in the brown-midrib lines. However, differences in tiller number and ground cover response
The FG lines were variable in height, but considerably less so than Piper and Greenleaf. The reductions in plant (to backcrossing the bmr-6 locus) between Piper and Greenleaf, combined with the similar tiller number and height of brown-midrib sudangrass agree with reports of plant height of brown-midrib maize (Miller et al., 1983 ; ground cover of normal Piper and Greenleaf lines, suggest interactions between bmr-6 and other loci. Despite Lee and Brewbaker, 1984) . their phenotypic similarity to Piper, the genetic back-
Forage Yield
ground of Greenleaf and the FG lines appears to differ from Piper, possibly contributing to differential epistatic Forage yield of Piper was reduced by the bmr-6 locus interactions with the bmr-6 locus.
uniformly across locations and harvests, by an average First-harvest height of Greenleaf was unaffected by of 30% (Table 7) . For Greenleaf, the bmr-6 locus rethe bmr-6 locus (Table 5) . However, first-harvest height duced second-harvest forage yield by an average of 22%, of Piper and second-harvest height of both cultivars but had an inconsistent effect on first-harvest forage was reduced by 3.9 to 13.1% by the bmr-6 locus. The yield. The bmr-6 locus decreased first-harvest forage reduction in height at Ithaca was double that observed at yield of Greenleaf by 15% at Arlington, but there was no Arlington. Similar to Greenleaf, Piper showed a greater * Brown-midrib line mean is significantly different from normal counter-* Brown-midrib line mean is significantly different from normal counterpart line mean at P Ͻ 0.05. part line mean at P Ͻ 0.05. ** Brown-midrib line mean is significantly different from normal counter-** Brown-midrib line mean is significantly different from normal counterpart line mean at P Ͻ 0.01. part line mean at P Ͻ 0.01. difference at Ithaca, effects that were consistent across the stable forage yield reduction in Piper across locayears. Second-harvest forage yield of the FG lines was tions. For Greenleaf and the FG lines, this effect seems reduced by an average of 36%, which was fairly consisto be associated with the bmr-6 allele rather than the tent across locations (Table 8) . However, first-harvest normal allele of this locus, as indicated by the greater forage yield of the FG lines averaged 24% lower than phenotypic plasticity of the brown-midrib lines compared the cultivars at Arlington, but there were no differences with the normal lines. Line ϫ environment interactions at Ithaca. Furthermore, line FG96-101-13 showed a drawere entirely due to instability of the brown-midrib lines matic reversal in ranking-last at Arlington and first in both experiments. The difference between normal at Ithaca.
Piper and Greenleaf was highly consistent across locaWithout knowledge and comparative test data on the tions, years, harvests, and experiments (11.0 to 12.5% parents of the FG lines, it cannot be determined whether of the mean; Tables 7 and 8 ). their 30 yr of breeding represents a success or failure
The genotype ϫ location interaction effects observed to improve forage yield in brown-midrib germplasm.
in Tables 7 and 8 clearly indicate an adaptive component However, the brown-midrib phenotype is probably reof the brown-midrib phenotype. The results suggest that sponsible for the limits on forage yield observed for the the brown-midrib phenotype in sudangrass is better FG lines in this study, for which the reductions in seasonadapted to the Nebraska environment than to the Wistotal forage yield, compared with normal germplasm, consin environment. This trend was evident (and fairly were approximately midway between those of Greenleafconsistent) for Greenleaf (Table 7) , for the FG lines bmr and Piper-bmr. Recurrent selection for increased derived from long-term selection for agronomic adaptayield in brown-midrib maize failed to break the negative tion in Iowa and Wisconsin (Table 8) , and across both association between forage yield and quality (Barriè re years (data not shown). The brown-midrib phenotype et al., 1988) . Conversely, recurrent selection for inof sudangrass appears to limit growth and development creased stalk strength in brown-midrib maize resulted of first harvest in the cooler, shorter-season Wisconsin in increased stalk strength without a concomitant rise location. Temperature and daylength are the two most in lignin concentration (Nesticky and Huska, 1986) . important environmental factors differing between NeThe environmental instability suggests that the bmr-6 braska and Wisconsin locations. The enzymatic mechalocus is environmentally sensitive or it may be linked nism of the bmr-6 mutation is not known, but two to or interacting with other loci that are controlled by brown-midrib mutants of maize are known to be muenvironmentally sensitive alleles. This linkage or epitants of key enzymes in the phenylpropanoid pathway static effect is not operating in Piper, as indicated by for lignin synthesis (Halpin et al., 1998; Vignols et al., (Jung and Ni, 1998; Casler et al., 2002) . and 14% greater for Greenleaf-bmr compared with norFor second harvest, the effect of genotype ϫ location mal Greenleaf per unit of forage and land, respectively. interaction was relatively minor-all brown-midrib lines Due to forage yield depression of Greenleaf-bmr, this were more or less uniformly reduced in forage yield by trend was not observed for second harvest. Both brown-20 to 40% (Tables 7 and 8 ). This suggests that the secmidrib lines showed reduced net returns on a land area ond-harvest effect of bmr-6 on forage yield is not envibasis for second harvest. ronmentally regulated and is mechanistically different Relative feed value and predicted milk production of than the bmr-6 effect on first-harvest forage yield. The the FG brown-midrib lines was significantly higher, on second-harvest yield reduction may reflect a generalized average, than the normal cultivars for both harvests reduction in vigor related to limited regrowth potential (Table 10 ). The increase in predicted milk production per se, rather than differential adaptation to local enviaveraged 22 and 115%. Predicted milk yield of the FG ronmental conditions. Reduced lignification is not known lines was higher for second harvest only (35% The brown-midrib phenotype reduced forage yield, of 7 to 23% and predicted milk production of 19 to 50% compared with the normal phenotype, by an average of (Table 9 ). These effects were greatest for Piper at both 15% for first harvest and 30% for second harvest. The harvests, as expected from the observed differences in reduction in forage yield was due partly to reduced NDF and NDFD (Table 1) . Greenleaf-bmr was preground cover, resulting from reduced tillering capability dicted to produce 20% higher milk yields than normal of the brown-midrib lines. The reduction in forage yield Greenleaf at first harvest. Similarly, Piper-bmr was prewas highly stable across years, but highly unstable across dicted to produce 27% higher milk yields than normal locations and lines. Instability of the forage yield reducPiper at second harvest. However, the effect of the bmr-6 tion was due to a greater phenotypic plasticity of the locus was not significant for milk yield of first-harvest Piper or for second-harvest Greenleaf due to severe brown-midrib phenotype compared with the normal 
